Chronological aging-induced apoptosis in yeast  by Fabrizio, Paola & Longo, Valter D.
Biochimica et Biophysica Acta 1783 (2008) 1280-1285
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbamcrReview
Chronological aging-induced apoptosis in yeast
Paola Fabrizio ⁎, Valter D. Longo
Andrus Gerontology Center, Division of Biogerontology, University of Southern California, 3715 McClintock Avenue, Los Angeles, CA 90089-0191, USA
Department of Biological Sciences, University of Southern California, 3715 McClintock Avenue, Los Angeles, CA 90089-0191, USA⁎ Corresponding author. Division of Biogerontology
University of Southern California, 3715McClintock Avenu
USA.
E-mail address: fabrizio@usc.edu (P. Fabrizio).
0167-4889/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.bbamcr.2008.03.017A B S T R A C TA R T I C L E I N F OArticle history: Saccharomyces cerevisiae is t
Received 21 November 2007
Received in revised form 18 March 2008
Accepted 27 March 2008
Available online 10 April 2008
Keywords:
Programmed death
Chronological aging
Superoxide
Adaptive regrowth
Mitochondriahe simplest among the major eukaryotic model organisms for aging and diseases.
Longevity in the chronological life span paradigm is measured as the mean and maximum survival period of
populations of non-dividing yeast. This paradigm has been used successfully to identify several life-regulatory
genes and three evolutionary conserved pro-aging pathways. More recently, Schizosaccharomyces pombe has
been shown to age chronologically in a manner that resembles that of S. cerevisiae and that depends on the
activity of the homologues of two pro-aging proteins previously identiﬁed in the budding yeast. Both yeast
show features of apoptotic death during chronological aging. Here,we reviewsome fundamental aspects of the
genetics of chronological aging and the overlap between yeast aging and apoptotic processes with particular
emphasis on the identiﬁcation of an aging/death program that favors the dedifferentiation and regrowth of a
few better adapted mutants generated within populations of aging S. cerevisiae. We also describe the use of a
genome-wide screening technique to gain further insights into the mechanisms of programmed death in
populations of chronologically aging S. cerevisiae.
© 2008 Elsevier B.V. All rights reserved.1. Chronological aging in budding and ﬁssion yeast
Saccharomyces cerevisiae has long been used as a model system to
uncover the mechanisms that lead to cellular and organismal aging.
Thanks to its asymmetric cell division, a method to monitor the re-
plicative life span of this budding yeast was established ﬁfty years ago
[1] and widely employed starting from the nineties [2–4]. Under the
replicative life span (RLS) paradigm, the limited reproductive potential
of individual mother cells is quantiﬁed by counting the total number
of daughter cells generated before cell division stops. Each yeast strain
is characterized based on its mean andmaximum replicative life span,
estimated bymeasuring the number of total buds produced by at least
forty individual mother cells. Alternatively, the life span of S. cerevisiae
is measured by monitoring the mean and maximum survival times of
populations of post-mitotic yeast cells. The latter paradigm is referred
to as the chronological life span (CLS) of yeast and is analogous to the
way life span is monitored in metazoans. The CLS paradigm was in-
troduced in 1996 [5] and since then has become more widely studied
due to several reasons that have been discussed elsewhere [6]. For the
purpose of this review it is sufﬁcient to point out that both yeast aging
paradigms have proven important for the identiﬁcation of numerous
gerontogenes. Here, we focus on the CLS paradigm., Andrus Gerontology Center,
e, Los Angeles, CA 90089-0191,
l rights reserved.For chronological aging studies, yeast cells are grown in synthetic
complete medium containing glucose (SDC) and then either main-
tained in this medium without replenishing any of the nutrients or
washed and incubated in water. Their survival is monitored until over
99% of the population dies by counting the number of cells that are
able to form colonies on YPD rich medium (CFUs) [6]. Cells grown and
left in SDC medium enter a post-diauxic phase and maintain high
metabolic rates for the majority of their life span [6,7]. Incubation in
water, which we also refer to as “extreme calorie restriction”, instead
causes entry into a longer-lived but low metabolism stationary phase
[6]. Originally recognized as a life-extending intervention in rodents
by McVay et al. [8], restriction of the number of calories consumed is
known to promote longevity in organisms ranging from yeast to mice,
although the anti-aging molecular mechanisms activated by this in-
tervention are still not fully understood [9,10]. In yeast, calorie restric-
tion extends both CLS and RLS [6,11–13]. Under the CLS paradigm,
calorie restriction is induced either by incubation in water as de-
scribed above, or by growing the cells in synthetic medium containing
glucose ranging from 0.05% to 0.5% instead of the standard 2% [14].
Similar life spans are obtained when yeast are subject to either of the
two calorie restriction regimes suggesting that switching yeast to
water after saturation has been reached in standard SDC medium or
growing them in low glucose medium from the beginning activate a
common anti-aging response.
The CLS paradigm has recently been utilized to measure longevity
in Schizosaccharomyces pombe [15]. Fission yeast are grown in either
synthetic complete medium or in minimal medium (EMM) until the
cultures reach saturation. The non-dividing cultures aremaintained in
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cells onto YE rich medium [15].
CLS studies in S. cerevisiae have led to the discovery of three life
span-regulatory pathways, the Sch9, Tor, and Ras/PKA pathways [7,16],
which are conserved in part and regulate aging also in higher euka-
ryotes [9,17–19] (Fig. 1). When glucose and other nutrients are pre-
sent, the signaling cascades activated by these pathways promote cell
growth and division. When nutrients are scarce, the reduction of the
Sch9, Tor, and Ras/PKA signaling causes cell division arrest and the
activation of mechanisms responsible for cellular protection. The de-
letion of the gene coding for the serine–threonine kinase Sch9, ex-
tends the yeast CLS by 3-fold and promotes stress resistance (Fig. 1)
[16]. Sch9 shares a high degree of homology with Akt/PKB, SGK and
S6K, whose inactivation promotes longevity extension in worms, ﬂies,
and mice [9,20]. Similar to Sch9, the serine–threonine activity of Tor1
is promoted by the presence of nutrients and its inactivation or that of
other members of the Tor pathway leads to yeast CLS extension and
promotes protection against stress [18,21]. Tor1 is a component of the
TORC1 complex, which has been recently shown to directly phospho-
rylate and promote the activation of Sch9 [22]. Genetic data indicate
that Tor1 plays its pro-aging role partially by stimulation of Sch9
(P. Fabrizio, unpublished results) suggesting a certain degree of over-
lap between the Sch9 and Tor1 pathways. The TORC1 complex is
widely conserved among species and in both C. elegans and Drosophila
a diminished TORC1 activity slows down aging [23–25]. Ras/PKA,
another CLS regulatory pathway identiﬁed in yeast, has recently been
shown to play a conserved role in mice. In yeast, lack of Ras2 or a
reduced activity of adenylyl cyclase (Cyr1), which is activated by the
Ras proteins, causes life span extension and stress resistance [7] (Fig.1).
Similarly, mice lacking type 5 adenylyl cyclase (AC5) live 30% longerFig. 1. Programmed aging and adaptive regrowth in S. cerevisiae. Glucose and nutrients activa
Msn2/4/Gis1-dependent stress resistance systems and the production of superoxide. High le
superoxide causes DNA damage and increases DNAmutations. Cell death leads to the release o
C released from the mitochondria may function to signal apoptotic death. Ethanol, accumulathan wild type littermates [26]. Analogous to ras2 and cyr1 yeast
mutant cells, ﬁbroblasts and cardiac myocytes isolated from AC5 KO
mice are resistant to oxidative stress. This resistance is, at least in part,
mediated bymitochondrial superoxide dismutase, whose protein level
is higher in AC5 KO cells as compared to wild type cells. Notably, the
resistance at the myocite level translates into the resistance to age-
induced cardiomyopathy in the mouse [26]. Together, these results
conﬁrm the association between longevity extension and ability to
withstand stress. Importantly, this association has been observed in all
the chronologically long-lived yeast and in the majority of the worm
long-livedmutants identiﬁed so far. In some cases, long-lived ﬂies and
mice are also resistant to stress suggesting that increasing cellular
protection against damage and possibly increasing repair and replace-
ment may be conserved molecular strategies to delay aging in all
species [17,27].
The Sch9, Tor1, and Ras/PKA pathways have been investigated thor-
oughly and some of the principal mediators of these life-regulatory
pathways have been uncovered. Among these are the stress resistance
transcription factors Msn2/Msn4, whose nuclear localization is inhib-
ited by the PKA activity and the protein kinase Rim15 [16], whose
cytosolic retention is promoted by both a PKA-dependent phosphor-
ylation and Sch9 activation and blocks the activation of Gis1, another
stress-dependent transcription factor [28] (Fig.1). Lack of Rim15 causes
the total reversion of the longevity extension phenotype observed in
the three long-lived mutants indicating that the pro-aging pathways
controlled by Sch9, Tor, and Ras2 converge on Rim15 [21]. However,
although Msn2 andMsn4, whose activation is controlled by Rim15, are
required for the longevity extension associatedwith a reduced Ras/PKA
pathway activity [7], they do not seem to play a crucial role in the
regulation the life span of the sch9 mutants [16]. Furthermore, thete the Sch9, Tor1, and Ras/PKA pathways, which in turn promote the down-regulation of
vels of superoxide damage the mitochondria causing aging and apoptosis. Additionally,
f nutrients that are utilized by “regrowth”mutants to reenter the cell cycle. Cytochrome
ted during exponential growth, is also involved in the activation of programmed aging.
1282 P. Fabrizio, V.D. Longo / Biochimica et Biophysica Acta 1783 (2008) 1280-1285doublemutant lackingbothRas2 and Sch9 lives signiﬁcantly longer that
either one of the single mutants suggesting that: 1) the Sch9 and Ras/
PKA pathways differentially modulate the activation of signaling pro-
teins downstream of Rim15, 2) either pathway may function also
through the activation of yet to be identiﬁed pathway-speciﬁc media-
tors [21]. TheTor pathway functions throughRim15 to control longevity
in part by modulating Sch9 (see above).
The use of S. pombe for chronological aging studies has only re-
cently begun. S. pombe and S. cerevisiae are phylogenetically very
distantly related and neither of them seems to be closer to humans
than the other, although the physiology of S. pombe is considered
more similar to that of higher eukaryotes [29,30]. Thus, the two yeast
can complement each other as aging models and both contribute to
the identiﬁcation of important longevity mediators relevant to aging
of higher eukaryotes.
To date a pioneering study has shown that, in analogy with
S. cerevisiae, the activation of the S. pombe homologues of PKA and
Sch9 negatively affects the CLS of the ﬁssion yeast. However, of the
two Sch9 homologues present in S. pombe only one, Sck2, controls
aging [15]. Interestingly, in ﬁssion yeast the deletion of the only gene
coding for the PKA catalytic subunit is not lethal and extends the CLS
[15]. By contrast, in budding yeast the activity of at least one of the
three redundant PKA catalytic subunits (Tpk1–3) is required for cell
viability and the deletion of none of the Tpk coding genes has been
directly associated with longevity extension. These differences be-
tween S. pombe and S. cerevisiae are not surprising in light of the
distant phylogenetic relationship between these two species [31].
2. Apoptosis in chronologically aging yeast
Features typical of apoptotic death, including chromatin fragmenta-
tion and condensation and exposure of phosphatidylserine on the
external layer of the cellular membrane, have been originally described
in a S. cerevisiae cdc48 mutant and in wild type cells treated with
hydrogen peroxide [32,33]. Overexpression of mammalian pro- or anti-
apoptotic Bax or Bcl2 in yeast causes or prevents an apoptosis-like
death, respectively [34–36]. Furthermore, homologues of metazoan
caspases and of the apoptotic inducing factor (AIF) have been identiﬁed
on the yeast genome and shown to be implicated in hydrogenperoxide-
induced apoptosis [37,38]. Besides oxidative stress, other pro-apoptotic
stimuli are known in yeast. These include acetic acid, the yeast mating
factor alpha, the plant antibiotic osmotin, osmotic stress, decreased
actin dynamics, and chronological aging [39–45]. Chronological aging-
dependent apoptosis is discussed hereafter.
2.1. Programmed death and adaptive regrowth in S. cerevisiae: evidence
for an altruistic aging program
Wild type yeast aging chronologically in medium show features of
apoptotic death such as nuclear condensation/fragmentation, phospha-
tidylserine exposure, and caspase activation [44,45]. Reactive oxygen
species formation is enhanced in agreement with a central role for
superoxide in the activation of yeast apoptosis during aging (see below)
(Fig. 1) [44]. Almeida et al. have recently provided evidence for the
production of nitric oxide (NO) in aging yeast. According to these
authors, NO contributes to superoxide production and its removal by
treatment with oxyhaemoglobin, a NO scavenger, extends the CLS of
wild type cells [46]. A few genetic interventions have been described
that delay chronological aging and the appearance of the apoptotic
features associated to it. Among these are the disruption of the yeast
caspase YCA1 gene, AIF homologue (AIF1), and NDE1 (coding for the
yeast homologue of the AIF-homologous mitochondrion associated in-
ducer of death, AMID) and the overexpression of the stress-dependent
transcription factor Yap1 [37,45,47], although the most effective so far
identiﬁed are the deletion of either RAS2, TOR1, or SCH9, which prolong
the mean CLS by up to 3-fold [7,16].A non-genetic intervention that promotes the life span extension of
wild type yeast is calorie restriction (see Chronological aging in bud-
ding and ﬁssion yeast). Under extreme calorie restriction, yeast double
their longevity indicating that they have the potential to modulate the
length of their life span according to the environment. This is a crucial
point in that incubation in medium after cell division has ceased,
causes a sort of accelerated aging in cells that in a different environ-
ment would live much longer (see below). When wild type cells in-
cubated inmedium are compared to long-lived sch9Δmutants, besides
the apoptotic markers, a striking difference is observed in terms of
activation of stress response. sch9Δ mutants are less susceptible to
oxidative stress than wild type cells. Their resistance to oxidants de-
pends largely on the expression of SOD2 and the activity of the cor-
responding protein (mitochondrial superoxide dismutase), which are
both higher in the mutants [7,44]. A similar phenotype has been
observed in calorie restricted wild type cells (M. Wei and V. D Longo,
unpublished results). Taken together, these results are consistent with
the activation of an “aging program” that blocks cell protection and
accelerates the death of the wild type yeast incubated in medium
(Fig. 1). The existence of such a program may seem unlikely in a
unicellular organism. However, several lines of evidence have demon-
strated that, in the context of a population of millions of yeast, cellular
“suicide” represents a survival strategy for the group [44,48]. In fact, in
approximately 50% of the wild type cultures used for chronological
aging studies, after the majority of the population is dead, cellular
“regrowth” is observed (CFUs increase by up to 100-fold). The percent
of regrowth raises to 80% inmutants lacking SOD1, which codes for the
cytosolic superoxide dismutase, suggesting a direct correlation be-
tween intracellular superoxide and frequency of regrowth. The re-
growth phenotype, normally referred to as “adaptive regrowth”, has
been characterized extensively [44]. Its principal features are: 1) de-
pendency onDNAmutations that accumulate during aging; 2) require-
ment for the nutrients released by the dead cells present in the
cultures. Both features are closely dependent on superoxide, which, on
the one hand, promotes accelerated cell death and consequently
nutrients accumulation and, on the other hand, causes DNA damage
that facilitates the appearance of genetic mutants with the ability to
reentry the cell cycle in conditions that normally do not promote
growth (Fig. 1) [44]. Superoxide's central role in causing DNA muta-
tions is conﬁrmed by a study showing that yeast mutants lacking SOD1
are among the top mutator strains with a mutation frequency (mea-
sured bymonitoring the mutations in the gene coding for the arginine
transporter CAN1) approximately six fold higher than that of wild type
cells [49]. Importantly, the long-lived mutants, which are extremely
protected against superoxide damage (including DNA damage), do not
show adaptive regrowth, in agreement with a scenario of “escape”
from an “altruistic” aging program that kills a vast majority of indi-
viduals in the culture in order for the few adapted mutants to survive
(Fig. 1). [44]. The theoretical implications of the existence of an
“altruistic aging program” will be discussed in the next subsection.
Here we want to emphasize that programmed death/adaptive re-
growth is only one of the strategies available to yeast populations to
overcome periods of starvation. As mentioned above, calorie restric-
tion promotes life span extension and high levels of stress resistance
in agreement with the activation of a “survival program” at the level of
individual yeast cells [44]. Notably, adaptive regrowth as survival
strategy is observed also in budding yeast isolated from the natural
environment ruling out the possibility that it is a phenotype asso-
ciated only with “genetically modiﬁed” yeast. Moreover, when labo-
ratory strains are grown in grape extract (amore “natural”medium for
yeast), the survival curves are very similar to those obtainedwhen SDC
medium is used excluding the possibility of artifacts due to the use of
synthetic medium [44].
Further analysis of yeast apoptosis during chronological aging has
revealed that the pH of the SDC medium of the aging cultures affects
cell survival. By day 3 the pH of the SDC medium of yeast cultures
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signiﬁcantly extended [44]. In mammals the release of cytochrome C,
which triggers the caspase cascade activation in apoptotic cells, is
preceded by mitochondrial alkalinization and cytosol acidiﬁcation
[50]. Cytochrome C release has also been observed in yeast treated
with acetic acid, alpha factor or overexpressing mammalian Bax, al-
though its function in apoptosis activation has not been established
yet [36,40,51]. A possibility still unexplored is that the extracellular
and consequently intracellular acidiﬁcation observed in yeast aging
cultures triggers apoptosis via the release of cytochrome C.
Another mediator of yeast apoptosis is ethanol. This carbon source
is normally accumulated during fermentative growth but, in contrast
with the common knowledge of its utilization when glucose is ex-
hausted (diauxic shift), in chronologically aging cultures of wild type
cells it is not metabolized and functions to shorten life span. In fact,
when ethanol is removed from the incubationmediumbyevaporation,
a signiﬁcant life span extension is observed [11]. Moreover, ethanol
addition to cultures switched towater rapidly kills the yeast suggesting
an active role of ethanol in the activation of a death program [11].
Recent work by Allen et al. has characterized yeast stationary
phase cultures grown in richmedium by using an equilibrium density-
gradient centrifugationmethod [52]. After ~24 h from the inoculation,
the authors were able to distinguish two fractions of cells. The density
of the lower fraction (high-density) increased steadily until day 7. An
extensive characterization of the two fractions revealed that: 1) the
high-density cells weremostly unbudded and showed several features
of quiescent cells while the low-density cells were both budded and
unbudded and morphologically more similar to dividing cells (non-
quiescent); 2) the low-density cells lost viability more rapidly than the
others over time, were more sensitive to heat-shock and produced
more ROS than the quiescent cells; 3) the non-quiescent cells showed
higher levels of apoptotic markers (DNA fragmentation and phospha-
tidylserine exposure) than non-quiescent cells [52].
It will be very important to study the dynamics of the two types of
cells to establish whether their ratio changes over time and whether
quiescent cells become non-quiescent once the apoptotic program is
activated. The apoptotic features described above for thenon-quiescent
cells resemble closely those observed in wild type cells aging chro-
nologically in medium containing ethanol suggesting the presence of
non-quiescent cells in these cultures as well. Indeed budded cells have
been identiﬁed in chronologically aging populations by Weinberger
et al. These authors used ﬂow cytometry to estimate the percent of
G1/G2 cells in aging cultures and showed a tighter G1-arrest in the
sch9 and ras2 long-lived mutants than in the wild type cell [53]. Con-
sistently, the budding index of the wild type cells (budded cells are
those that have passed the Start and exited the G1 phase) was higher
than that of the mutants. The authors' hypothesis is that improper G1
arrest represents a form of cellular stress (replicative stress) that leads
to apoptosis and contributes to chronological aging [53]. However, the
importance of this type of stress in determining yeast life span seems
to be limited given that the fraction of budded cells is ~5% in the wild
type and does not increase overtime. Importantly, ﬂow cytometry
analysis of wild type cultures revealed an “apoptotic” peak that be-
comes more evident during aging in agreement with the presence of
the other apoptotic markers discussed above [53].
2.2. The programmed and altruistic aging theory
The existence of an “altruistic aging program” is certainly contro-
versial even if the results reported above can be explained in light of it.
The vast majority of the gerontologists support theories of aging as
non-adaptive and due to the stochastic accumulation of cellular dam-
age caused by the decline of the force of natural selection and con-
sequently the decline in cellular protection and maintenance during
aging [48]. However, studies conducted in the last ﬁfteen years have
shown that longevity is genetically determined and depends on evo-lutionary conserved pathways (see Chronological aging in budding and
ﬁssion yeast). In simple organisms such as yeast andworms the down-
regulation of these pathways is induced by starvation and promotes
the activation of somatic maintenance to guarantee survival until
nutrients become available. The discovery of these aging pathways has
led to the “programmed longevity theory” according to which aging,
rather than depending on stochastic damage, is caused by the gene-
tically programmed inactivation ordecline of a repair andmaintenance
system that can control cellular damage [48]. The “programmed and
altruistic aging theory” described above for populations of aging yeast
hypothesizes instead the existence of a genetic program activated in
order to “sacriﬁce” the majority of the population to allow the survival
of a few adapted organisms. According to this theory natural selection
functions on the level of the group rather than on that of the individual.
More speciﬁcally, when observed in yeast cultures originated from the
same progenitor cell, which are isogenic except for the DNAmutations
that accumulate over time, adaptive regrowth can be seen as a form of
kin selection [48,54]. Both group and kin selection have been very
controversial theories. Either of them appears to apply well to cultures
of aging yeast. The fact the pathways that regulate altruistic aging in
yeast are conserved throughout evolution raises the possibility that
aging and death are programmed in higher eukaryotes as well.
2.3. Chronological aging-dependent apoptosis in S. pombe
As discussed in Chronological aging in budding and ﬁssion yeast
section, S. pombe shares several similarities with S. cerevisiae in terms
of chronological aging and its regulation. Although fewer studies have
been performed on apoptosis in S. pombe, apoptotic markers have
been detected in cells expressing mammalian Bax/Bak and in mutants
lacking the enzymes responsible for the biosynthesis of triacylglycerol
[55,56]. Furthermore, a homologue of the budding yeast metacaspase
Yca1 has been identiﬁed on the S. pombe genome [55]. With respect to
chronological aging, ﬁssion yeast show activation of caspase activity,
which is reduced in the long-lived pka1Δ and sck2Δ mutants [15].
Although still preliminary, these results and the conservation of the
life-regulatory pathways in the two yeast species suggest the possi-
bility of the existence of an aging program and possibly of adaptive
regrowth in ﬁssion yeast as well.
3. Screening of the yeast knock-out collection to identify novel
aging/apoptosis-related genes
Novel S. cerevisiae genomics approaches, which have recently be-
come available, facilitate the identiﬁcation of additional genes and
mechanisms implicated in the regulation of chronological aging and
yeast apoptosis. One of these relies on the use of the yeast gene-
deletion collection (YKO collection) [57]. This collection covers almost
all the yeast open reading frames (ORFs) and is constructed in a way
that each deletion represents a complete loss of function of the gene
and is uniquely tagged with two 20-nucleotide sequences [58]. The
abundance of speciﬁc deletion mutants in a pool can be identiﬁed
quantitatively by amplifying the tag sequences and hybridizing them
to a high-density oligonucleotide arrays (tag microarrays) [57]. The
YKO collection represents a powerful tool for yeast geneticists in
that it overcomes the main limitation of the standard mutagenesis
methods used for mutant screening, that of underrepresenting the
yeast genome. The diploid homozygous deletion collection was used
by Powers et al. to develop the ﬁrst high-throughput assay for CLS,
which led to the identiﬁcation of the Tor pathway as a central re-
gulator of CLS [18] (see above). Powers and colleagues relied on an
optical density-based system to monitor the survival of cultures of
individual mutants in 96-wells plates weekly. Their method may be
complemented by measuring the chronological survival of a pool of
gene-deletion mutants and monitoring the representation of each
different deletion strain over time by tag microarray analysis. By
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possible to generate accurate survival curves for each deletion mutant
and identify further genes whose expression is either required for
long-term survival (the corresponding deletion mutants disappear
early in the experiment) or reduces the life span (the corresponding
deletion mutants are found in the pool after the death of the majority
of the population). It will be also possible to identify deletions that
cause adaptive regrowth directly, although this may be a more chal-
lenging task. In fact, as we have shown for the sod1 deletionmutant, in
several cases the regrowthmutationmay appear as a consequence of a
primary deletion mutation that affects DNA stability.
Using this approach, we expect to ﬁnd several deletions that can
interfere with the apoptotic program and that should enhance our
understanding of its mediation and purpose. We also predict that
most deletions will either have no effect or a negative effect on life
span and only a handful will decrease apoptosis and extend longevity.
Considering howconserved the regulation of aging is in all species, the
chances that these few genes will be relevant to aging of higher
eukaryotes are very good. Furthermore, both life span-extending and
-shortening mutations might provide hints to further characterize the
apoptotic mechanisms that contribute to aging and death.
4. Concluding remarks
The ﬁeld of yeast apoptosis is expanding and so is our knowledge of
the similarities and differences between yeast and metazoan apo-
ptosis. The use of yeast is also contributing to further understand the
molecular mechanisms of mammalian apoptosis and its relationship
with aging and age-related damage.
Here we have discussed the link between apoptosis and yeast
chronological aging. Our current knowledge suggests that an apo-
ptotic program has evolved in microorganisms as a survival strategy
beneﬁcial to the group. This program is dependent on cellular path-
ways like the Sch9, Tor1, and Ras/PKA pathways and its activation
reduces cell protection and maintenance and raises the level of su-
peroxide production, which in turn contributes to cell damage and
death (Fig. 1). Superoxide also elevates DNA damage and mutation
frequency in the aging cultures, facilitating the appearance of “re-
growth mutants” that guarantee the survival of the group. Notably,
these dedifferentiating/regrowth mutants are reminiscent of cancer
cells that escape apoptosis and grow under conditions that are nor-
mally not permissive for growth. Aging and apoptosis are intrinsically
related in yeast and the mechanisms that cause them have just begun
to be elucidated. The use of high-throughput screenings available to
the yeast community, such as that described in the ﬁnal section of this
review, will accelerate this process and, given the conservation of the
life-regulatory pathways in higher eukaryotes, will provide important
information to understand the fundamental biology of aging in other
species and investigate the controversial hypothesis that an “aging
program” might be conserved in higher eukaryotes.
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